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GAS DIFFUSION LAYER FOR METAL-AIR
BATTERY, METHOD OF MANUFACTURING
THE SAME, AND METAL-AIR BATTERY
INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of
Korean Patent Application No. 10-2017-0059912, filed on
May 15, 2017, and Korean Patent Application No. 10-2018-
0054576, filed on May 11, 2018, in the Korean Intellectual
Property Office, and all the benefits therefrom under 35
U.S.C. § 119, the contents of which are incorporated herein
in their entirety by reference.

BACKGROUND

1. Field

The present disclosure relates to a gas diffusion layer for
a metal-air battery, a method of manufacturing the gas
diffusion layer, and a metal-air battery including the gas
diffusion layer.

2. Description of the Related Art

A metal-air battery includes a negative electrode capable
of intercalation/deintercalation of ions, and a positive elec-
trode using oxygen in the air as an active material. The
positive electrode oxidizes/reduces oxygen from the outside
of the metal-air battery. The negative electrode oxidizes/
reduces metal and converts chemical energy generated dur-
ing the oxidation and reduction of the metal into electrical
energy, thus discharging the electrical energy. For example,
the metal-air battery absorbs oxygen while discharging, and
discharges the absorbed oxygen while charging. Such a
metal-air battery uses oxygen in the air, and thus an energy
density thereof may be greatly improved. For example, the
energy density of the metal-air battery may be several times
higher than that of a lithium ion battery. Nonetheless, there
remains a need for improved materials to provide improved
energy density.

SUMMARY

Additional aspects will be set forth in part in the descrip-
tion which follows and, in part, will be apparent from the
description, or may be learned by practice of the presented
embodiments.

According to an aspect of an embodiment, a gas diffusion
layer for a metal-air battery includes: a porous layer includ-
ing a plurality of non-conductive fiber structures; and a
conductive carbon layer including a carbon material that is
disposed on a surface of a non-conducive fiber structure of
the plurality of non-conductive fiber structures.

The non-conductive fiber structures may each indepen-
dently have a curvilinear, e.g., wavy, shape or a rectilinear,
e.g., straight-line, shape, and air gaps may be provided
between the non-conductive fiber structures where an inter-
vening material is not present.

Each of the plurality of non-conductive fiber structures
may include a polymeric resin fiber, cellulose, a glass fiber,
or a combination thereof, and the porous layer may be in a
form of a woven fabric, a non-woven fabric, a mesh, or a
combination thereof comprising the plurality of non-con-
ductive fiber structures.
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The carbon material may include a carbon fiber, a carbon
nanotube (CNT), a graphene nano plate (GNP), or a com-
bination thereof.

A thickness of the conductive carbon layer may be equal
to or greater than about 1% and less than or equal to about
10% of an average thickness of a non-conductive fiber
structure of the plurality of non-conductive fiber structures.

The carbon material included in the conductive carbon
layer may be uniformly disposed on the surface of the
plurality of non-conductive fiber structures.

The conductive carbon layer may further include a dis-
persant configured to disperse the carbon material.

The dispersant may be a polymeric surfactant.

The polymeric surfactant may include polystyrene
sulfonate (PSS), poly(4-styrenesulfonic acid), polyvinyl
pyrrolidone (PVP), polyethylene glycol oleyl ether (Brij®),
polyoxyethylene stearyl ether (Brij®), polyoxyethylene
nonylphenyl ether (IGEPAL®), poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol),
Pluronic®), poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol), polyethylene-block-
poly(ethylene glycol), polyoxyethylene isooctylcyclohexyl
ether, Triton®, or a combination thereof.

The dispersant may be an organic monomolecular disper-
sant. The organic monomolecular dispersant may include
cetylpyridinium chloride (CPC), cetyltrimethylammonium
bromide (CTAB), cetyltrimethylammonium chloride
(CTAC), or a combination thereof.

The gas diffusion layer may further include an adhesive
layer disposed between non-conductive fiber structures of
the plurality of non-conductive fiber structures and the
conductive carbon layer, wherein the adhesive layer attaches
the conductive carbon layer to the surface of the non-
conductive fiber structure.

The adhesive layer may include polyvinyl alcohol (PVA),
PVP, polyaniline (PANI), poly(diallyldimethylammonium
chloride) (PDDA), poly(ethylene oxide) (PEO), poly(ethyl-
ene imine) (PEI), poly(allylamine hydrochloride) (PAH),
poly(acrylic acid), Nafion®, or a combination thereof.

A plurality of adhesive layers and a plurality of conduc-
tive carbon layers may be present, and the plurality of
adhesive layers and the plurality of conductive carbon layers
may be alternately arranged.

According to an aspect of another embodiment, a method
of manufacturing a gas diffusion layer for a metal-air battery
includes: disposing an adhesive layer on a surface of a
non-conductive fiber structure; and contacting the adhesive
layer with a carbon material to form a conductive carbon
layer including the carbon material on the non-conductive
fiber structure to manufacture the gas diffusion layer.

The method may further include uniformly dispersing the
carbon material by using a dispersant.

The dispersant may be a polymeric surfactant.

The polymeric surfactant may include polystyrene
sulfonate (PSS), poly(4-styrenesulfonic acid), polyvinyl
pyrrolidone (PVP), polyethylene glycol oleyl ether (Brij®),
polyoxyethylene stearyl ether (Brij®), polyoxyethylene
nonylphenyl ether (IGEPAL®), poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
(Pluronic®), poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol), polyethylene-block-
poly(ethylene glycol), polyoxyethylene isooctylcyclohexyl
ether, Triton®, or a combination thereof.

The dispersant may be an organic monomolecular disper-
sant. The organic monomolecular dispersant may include
cetylpyridinium chloride (CPC), cetyltrimethylammonium
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bromide (CTAB), cetyltrimethylammonium
(CTACQ), or a combination thereof.

The dispersant may include polystyrene sulfonate (PSS),
poly(4-styrenesulfonic acid), PVP, polyethylene glycol oleyl
ether, polyoxyethylene stearyl ether, polyoxyethylene non-
ylphenyl ether, poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol), Pluronic®), poly(pro-
pylene glycol)-block-poly(ethylene glycol)-block-poly(pro-
pylene glycol), polyethylene-block-poly(ethylene glycol),
polyoxyethylene isooctylcyclohexyl ether, cetylpyridinium
chloride (CPC), cetyltrimethylammonium bromide (CTAB),
cetyltrimethylammonium chloride (CTAC), or a combina-
tion thereof.

The disposing of the adhesive layer and the contacting of
the adhesive layer with a carbon material to form the
conductive carbon layer may be repeatedly performed, and
thus a plurality of adhesive layers and a plurality of con-
ductive carbon layers may be alternately arranged.

According to an aspect of an embodiment, a metal-air
battery includes: a negative electrode including a metal; a
positive electrode including a positive electrode layer
including a catalyst and a gas diffusion layer for the metal-
air battery, wherein the gas diffusion layer contacts the
positive electrode electrolyte layer; and an electrolyte
between the negative electrode and the positive electrode,
wherein the gas diffusion layer includes: a porous layer
including a plurality of non-conductive fiber structures; and
a conductive carbon layer including a carbon material that is
disposed on a surface of a non-conductive fiber structurer of
the plurality of non-conductive fiber structures.

chloride

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and
more readily appreciated from the following description of
the embodiments, taken in conjunction with the accompa-
nying drawings in which:

FIG. 1Ais a schematic cross-sectional view of an embodi-
ment of a metal-air battery having a two-dimensional (2D)
flat-cell shape;

FIG. 1B is a schematic perspective view of an embodi-
ment of a metal-air battery having a 3D shape;

FIG. 2A is a schematic perspective view of a gas diffusion
layer according to an embodiment;

FIG. 2B shows a schematic enlarged view of the gas
diffusion layer of FIG. 2A;

FIG. 2C is a scanning electron microscope (SEM) image
showing a cross-section of a fiber structure to which a
conductive carbon layer is attached, the conductive carbon
layer being manufactured by a layer-by-layer method;

FIG. 2D is a schematic perspective view of a gas diffusion
layer according to another embodiment;

FIG. 2E shows a schematic enlarged view of the gas
diffusion layer of FIG. 2D;

FIG. 2F is a schematic perspective view of a gas diffusion
layer according to another embodiment;

FIG. 2G shows a schematic enlarged view of the gas
diffusion layer of FIG. 2F;

FIGS. 3A and 3B illustrate an embodiment of a method of
manufacturing a gas diffusion layer by a layer-by-layer
method;

FIG. 4A is a schematic perspective view of a gas diffusion
layer manufactured by using a layer-by-layer method;

FIG. 4B shows a schematic enlarged view of the gas
diffusion layer of FIG. 4A;
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FIG. 5A is a SEM image showing a fine structure of a gas
diffusion layer manufactured by using a layer-by-layer
method;

FIG. 5B is an enlarged image of the gas diffusion layer of
FIG. 5A;

FIG. 6 is a graph of a number of times that a layer-by-
layer method is repeated versus surface resistance (ohms per
square) illustrating a relationship between the number of
repetitions and surface resistance of a gas diffusion layer that
is manufactured by repeatedly performing a layer-by-layer
method; and

FIG. 7 is a graph of energy density (Watt hours per
kilogram, Wh/kg) versus cell voltage (Volts) illustrating a
result of measuring an energy density and a cell voltage that
are obtained during a discharge process.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying
drawings, wherein like reference numerals refer to like
elements throughout. In this regard, the present embodi-
ments may have different forms and should not be construed
as being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by
referring to the figures, to explain aspects. Expressions such
as “at least one of” when preceding a list of elements,
modify the entire list of elements and do not modify the
individual elements of the list.

It will be understood that when an element is referred to
as being “on” another element, it can be directly on the other
element or intervening elements may be present therebe-
tween. In contrast, when an element is referred to as being
“directly on” another element, there are no intervening
elements present.

It will be understood that, although the terms “first,”
“second,” “third,” etc. may be used herein to describe
various elements, components, regions, layers, and/or sec-
tions, these elements, components, regions, layers and/or
sections should not be limited by these terms. These terms
are only used to distinguish one element, component, region,
layer, or section from another element, component, region,
layer, or section. Thus, “a first element,” “component,”
“region,” “layer,” or “section” discussed below could be
termed a second element, component, region, layer, or
section without departing from the teachings herein.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting. As used herein, the singular forms “a,” “an,” and
“the” are intended to include the plural forms, including “at
least one,” unless the content clearly indicates otherwise.
“At least one” is not to be construed as limiting “a” or “an.”
“Or” means “and/or.” As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items. It will be further understood that the
terms “comprises” and/or “comprising,” or “includes” and/
or “including” when used in this specification, specify the
presence of stated features, regions, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, regions,
integers, steps, operations, elements, components, and/or
groups thereof.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
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terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

“About” or “approximately” as used herein is inclusive of
the stated value and means within an acceptable range of
deviation for the particular value as determined by one of
ordinary skill in the art, considering the measurement in
question and the error associated with measurement of the
particular quantity (i.e., the limitations of the measurement
system). For example, “about” can mean within one or more
standard deviations, or within £30%, 20%, 10% or 5% of the
stated value.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms, such as those defined in commonly used diction-
aries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant
art and the present disclosure, and will not be interpreted in
an idealized or overly formal sense unless expressly so
defined herein.

Exemplary embodiments are described herein with refer-
ence to cross section illustrations that are schematic illus-
trations of idealized embodiments. As such, variations from
the shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be
expected. Thus, embodiments described herein should not
be construed as limited to the particular shapes of regions as
illustrated herein but are to include deviations in shapes that
result, for example, from manufacturing. For example, a
region illustrated or described as flat may, typically, have
rough and/or nonlinear features. Moreover, sharp angles that
are illustrated may be rounded. Thus, the regions illustrated
in the figures are schematic in nature and their shapes are not
intended to illustrate the precise shape of a region and are
not intended to limit the scope of the present claims.

When the weight of a gas diffusion layer included in a
metal-air battery is reduced, the energy density of the
metal-air battery may be improved. In this regard, a porous
film including a carbon nanomaterial is used as a gas
diffusion layer, but mechanical characteristics of currently
available materials are insufficient.

The terms “surface” and “other surface” denote two
surfaces opposite to each other, and the terms “direction”
and “other direction” denote two directions opposite to each
other.

The term “air” as used herein denotes atmospheric air, a
combination of gases including oxygen, oxygen gas, or a
combination thereof.

An improved gas diffusion layer for a metal-air battery, a
method of manufacturing the gas diffusion layer, and the
metal-air battery including the gas diffusion layer will now
be described more fully with reference to the accompanying
drawings.

FIG. 1Ais a schematic cross-sectional view of an embodi-
ment of a metal-air battery 1 having a two-dimensional (2D)
flat-cell shape. FIG. 1B is a schematic perspective view of
an embodiment of the metal-air battery 1 having a three-
dimensional (3D), e.g., prismatic, shape.
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Referring to FIG. 1A, the metal-air battery 1 having the
2D flat-cell shape may include, for example, a negative
electrode metal layer 11, a negative electrode electrolyte
membrane 12, a positive electrode layer 13, a gas diffusion
layer 100 for a metal-air battery (hereinafter, referred to as
the ‘gas diffusion layer’), and an exterior material 16 sur-
rounding portions of the metal-air battery 1 other than a top
surface of the gas diffusion layer 100.

For example, the negative electrode metal layer 11 may
include lithium (Li) metal capable of intercalation/deinter-
calation of Li ions and a binder. For example, the negative
electrode metal layer 11 may further include a Li metal-
based alloy, a Li intercalation compound, or a combination
thereof, in addition to the Li metal. The negative electrode
electrolyte membrane 12 may be between the negative
electrode metal layer 11 and the positive electrode layer 13
and may include an electrolyte for delivering Li ions gen-
erated in the negative electrode metal layer 11 to the positive
electrode layer 13. The positive electrode layer 13 may
include an electrolyte conductive to Li ions, a catalyst for
oxidation and reduction of oxygen, a conductive material,
and a binder. The gas diffusion layer 100 may absorb oxygen
in the air and provide the absorbed oxygen to the positive
electrode layer 13. To this end, the gas diffusion layer 100
may have a porous structure to smoothly diffuse external
oxygen.

In the case of the metal-air battery 1 having the 2D
flat-cell shape, when multiple cells are vertically stacked,
oxygen may not be provided adequately to cells at the
bottom of the metal-air battery 1. Also, since a weight of a
collector (not shown) for discharging a current is a large
portion of the total weight of the metal-air battery 1, a ratio
of weights of the negative electrode metal layer 11, the
negative electrode electrolyte membrane 12, and the positive
electrode layer 13 to the total weight of the metal-air battery
1 may be small, wherein the weights affect energy density.
Referring to FIG. 1B, the metal-air battery 1 having the 3D
shape may include the positive electrode layer 13, the
negative electrode electrolyte membrane 12, the negative
electrode metal layer 11, and the gas diffusion layers 100.

The gas diffusion layer 100 according to an embodiment
may include a first surface Sa, a second surface Sb facing the
first surface Sa, and a side surface Sc that may be exposed
to the outside.

The positive electrode layer 13, the negative electrode
electrolyte membrane 12, and the negative electrode metal
layer 11 may be folded at least once so that the positive
electrode layer 13 may be in contact with the first surface Sa
and the second surface Sb of the gas diffusion layer 100. The
gas diffusion layer 100 may be inserted into the folded
positive electrode layer 13. For example, if the positive
electrode layer 13, the negative electrode electrolyte mem-
brane 12, and the negative electrode metal layer 11 are
folded at least twice, the positive electrode layer 13, the
negative electrode electrolyte membrane 12, and the nega-
tive electrode metal layer 11 may be alternately folded in one
direction, and then folded in another direction, as shown in
FIG. 1B.

The positive electrode layer 13, the negative electrode
electrolyte membrane 12, and the negative electrode metal
layer 11 may be respectively folded to have a constant width
in a thickness direction. Throughout the specification, a
“width” and “length” of a certain component may be dis-
tinguished by a size thereof, and the “width” is equal or
smaller than a “length.”

As is further described above, in a structure in which the
positive electrode layer 13 is disposed on the first surface Sa
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and the second surface Sb of the gas diffusion layer 100, the
first surface Sa and the second surface Sb of the gas diffusion
layer 100 are not exposed to the outside. Accordingly, air
may be supplied to the gas diffusion layer 100 through side
surfaces or some of the side surfaces of the gas diffusion
layer 100. That is, air may be supplied to the gas diffusion
layer 100 through at least one side surface Sc from among
the side surfaces of the gas diffusion layer 100.

The metal-air battery 1 may have a structure that may
facilitate supply of air through side surfaces of the gas
diffusion layer 100 which are exposed to the outside. Also,
although not illustrated in the drawings, an exterior material
(not shown) may surround remaining external surfaces of
the negative electrode metal layer 11, the negative electrode
electrolyte membrane 12, the positive electrode layer 13,
and the gas diffusion layer 100 except for the exposed side
surface Sc of the gas diffusion layer 100.

As is further described above, the gas diffusion layer 100
has suitable electrically conductive and has suitable gas
diffusivity and also provides suitably uniform mechanical
strength. According to the related art, a porous film includ-
ing carbon nanomaterials having excellent electrical con-
ductivity is used as the gas diffusion layer 100. However,
when a 3D porous structure is formed to provide improved
porosity, resistance of a structure increases and mechanical
strength decreases.

In the present specification, the gas diffusion layer 100,
which includes a porous layer 110 (see FIG. 2B) including
a non-conductive fiber structure 111 (see FIG. 2B) and a
conductive carbon layer 120 disposed on a surface of the
non-conductive fiber structure 111, for example, a conformal
layer along a contour of the non-conductive fiber structure
111, which is included in the porous layer 110, is used, and
the metal-air battery 1 has improved electrical conductivity,
improved gas diffusivity, uniform mechanical strength, and
reduced weight. Hereinafter, the gas diffusion layer 110
according to an embodiment will be described in more
detail.

FIG. 2A is a schematic perspective view of a gas diffusion
layer according to an embodiment. FIG. 2B shows a sche-
matic enlarged view of the gas diffusion layer of FIG. 2A.
FIG. 2C is a scanning electron microscope (SEM) image
showing a cross-section of a fiber structure to which a
conductive carbon layer is attached, the conductive carbon
layer being manufactured by a layer-by-layer method. FIG.
2D is a schematic perspective view of a gas diffusion layer
according to another embodiment. FIG. 2E shows a sche-
matic enlarged view of the gas diffusion layer of FIG. 2D.
FIG. 2F is a schematic perspective view of a gas diffusion
layer according to another embodiment. FIG. 2G shows a
schematic enlarged view of the gas diffusion layer of FIG.
2F.

FIG. 2A schematically illustrates the gas diffusion layer
100 according to an embodiment, FIG. 2B shows an
enlarged view of a portion of FIG. 2A, and FIG. 2C is a
scanning electron microscope (SEM) image showing a
cross-section of the non-conductive fiber structure 111 to
which the conductive carbon layer 120 is attached, the
conductive carbon layer 120 being manufactured by using a
layer-by-layer method.

Referring to FIGS. 2A, 2B, and 2C, the gas diffusion layer
100 according to an embodiment may include the porous
layer 110 having pores, through which air may diffuse, and
the conductive carbon layer 120 attached to the surfaces of
the non-conductive fiber structure 111 included in the porous
layer 110.
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The porous layer 110 according to an embodiment may
include the non-conductive fiber structure 111. For example,
the non-conductive fiber structure 111 may have a curvilin-
ear, e.g., wavy, shape, or a rectilinear, e.g., straight-line,
shape, or a combination thereof. The shape of a plurality of
the fiber structures provides air gaps, which may be formed
in the absence of intervening materials between the non-
conductive fiber structures 111 of the plurality of the fiber
structures, and pores through which air may diffuse may be
provided by the air gaps. Thus the porous layer 110 com-
prises air gaps defined by the non-conductive fiber structures
111. In addition, the porous layer 110 may be formed as the
non-conductive fiber structure 111 are combined with each
other in a form of a woven fabric, a non-woven fabric, a
mesh, or a combination thereof. The non-conductive fiber
structure 111 may be insulating, and accordingly, the porous
layer 110 may also be electrically insulating.

For example, the non-conductive fiber structure 111 may
comprise a polymer fiber, cellulose, a glass fiber, or com-
bination thereof. For example, the non-conductive fiber
structure 111 may comprise a polymer comprising a
homopolymer, a block copolymer, a random copolymer, or
a combination thereof. For example, the non-conductive
fiber structure 111 may comprise polyethylene, polypropyl-
ene, a polyester such as polyethylene terephthalate, poly-
phenylene sulfide, poly(2-vinylpyridine), polytetratiuoro-
ethylene, a tetrafluoroethylene-hexatluoropropylene
copolymer, polychlorotrifluoroethylene, a perfluoroalkoxy
copolymer, fluorinated cyclic ether, polyethylene oxide dia-
crylate, polyethylene oxide dimethacrylate, polypropylene
oxide diacrylate, polypropylene oxide dimethacrylate,
polymethylene oxide diacrylate, polymethylene oxide dime-
thacrylate, poly(C1 to C6 alkyl)diol diacrylate, poly(C1 to
C6  alkyl)diol dimethacrylate, polydivinylbenzene,
polyether, polycarbonate, polyamide, polyvinyl chloride,
polyimide, polycarboxylic acid, polysulfonic acid, polyvinyl
alcohol, polysulfone, polystyrene, poly(p-phenylene), poly-
acetylene, poly(p-phenylene vinylene), polyaniline, poly-
pyrrole, polythiophene, poly (2,5-ethylene vinylene), poly-
acene, poly(naphthalene-2,6-diyl), polyethylene oxide,
polypropylene oxide, polyvinylidene fluoride (PVDF), a
copolymer of vinylidene fluoride and hexafluoropropylene
(VDF/HFP), poly(vinyl acetate), poly(vinyl butyral-co-vi-
nyl alcohol-co-vinyl acetate), poly(methyl methacrylate-co-
ethyl acrylate), polyacrylonitrile (PAN), polyvinyl chloride
co-vinyl acetate, poly(l-vinyl pyrrolidone-co-vinyl acetate),
polyvinyl pyrrolidone, poly(C1 to C6 alkyl) acrylate, poly
(C1 to C6 alkyl) methacrylate, polyurethane, polyvinyl
ether, acrylonitrile-butadiene rubber, styrene-butadiene rub-
ber, acrylonitrile-butadiene-styrene rubber, sulfonated sty-
rene/ethylene-butylene triblock copolymer, a polymer
obtained from a (meth)acrylate monomer comprising
ethoxylated neopentyl glycol diacrylate, ethoxylated bisphe-
nol A diacrylate, ethoxylated aliphatic urethane acrylate,
ethoxylated alkylphenol acrylate and a (C1 to Céalkyl)
acrylate, or a combination thereof, epoxy resin, acrylic resin,
or a combination thereof. A combination comprising at least
one of the forgoing may be used.

For example, a non-woven fabric included in the porous
layer 110 may be formed, for example, by filtering primary,
e.g., individual, material fibers and binder fibers, which are
dispersed in water, in a form of a circular mesh, an elongated
mesh, or the like by using a paper machine, and then by
drying filtrate by using a drier. In addition, in order to
remove fluff, e.g., unbonded fibers, from the non-woven
fabric or improve mechanical characteristics of the non-
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woven fabric, the non-woven fabric may be sandwiched
between two rolls and then may be heat-treated at a high
pressure.

The conductive carbon layer 120 according to an embodi-
ment may include any suitable carbon material having
suitable conductivity. For example, the conductive carbon
layer 120 may include a carbon material comprising a
carbon fiber, a carbon nanotube (CNT), a graphene nano
plate (GNP), or a carbon-polymer complex. For example,
the carbon-polymer complex may be a complex including
the carbon fiber, CNT, or the GNP combined with the binder.
For example, the binder may be one or more of a copolymer
of VDF/HFP, PVDF, PAN, poly(methyl methacrylate)
(PMMA), polytetrafluoroethylene (PTEE), a copolymer of
polyacrylonitrile-acrylic acid (PAN/PAA), polyvinyl alcohol
(PVA), carboxymethyl cellulose (CMC), and hydroxypro-
pylcellulose. However, the present disclosure is not limited
thereto. The conductive carbon layer 120 may include any
suitable carbon material having suitable conductivity.

Also, the carbon material included in the conductive
carbon layer 120 according to an embodiment may be
disposed along a surface of the non-conductive fiber struc-
ture 111 included in the porous layer 110. Thus, the con-
ductive carbon layer 120 may be disposed to surround the
surface of the non-conductive fiber structure 111. For
example, the carbon material included in the conductive
carbon layer 120 may be uniformly dispersed due to an
added dispersant or a sonication process. Accordingly, the
carbon material included in the conductive carbon layer 120
may be uniformly disposed along the surface of the non-
conductive fiber structure 111.

For example, a polymeric surfactant may be used as a
dispersant. For example, the polymeric surfactant may com-
prise polystyrene sulfonate (PSS), poly(4-styrenesulfonic
acid, polyvinyl pyrrolidone (PVP), polyethylene glycol
oleyl ether (e.g., Brij®, which is a commercially available
polyethylene glycol oleyl ether product of Croda Interna-
tional PLC), polyoxyethylene stearyl ether (Brij®), poly-
oxyethylene nonylphenyl ether (commercially available as
IGEPAL®, which is a product of Rhodia Operations), poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly
(ethylene glycol), Pluronic®, which is a commercially avail-
able poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) product of BASF, poly
(propylene glycol)-block-poly(ethylene glycol)-block-poly
(propylene  glycol),  polyethylene-block-poly(ethylene
glycol), polyoxyethylene isooctylcyclohexyl ether, or Tri-
ton®, which is an octyl phenol ethoxylate product of Dow.
Also, the dispersant may be an organic monomolecular
dispersant. For example, the organic monomolecular disper-
sant may comprise cetylpyridinium chloride (CPC), cetylt-
rimethylammonium bromide (CTAB), cetyltrimethylammo-
nium chloride (CTAC), or a combination thereof. A
combination comprising at least two of the foregoing may be
used.

In addition, the sonication process may be performed for
several minutes to several hours by using, for example, a
bar-type sonicator. Also, the dispersant may be used while
the sonication process is being performed. Thus, a disper-
sion in which graphene-based carbon materials are dispersed
may be prepared, and the gas diffusion layer 100 in which
the carbon material is uniformly disposed along the surfaces
of the non-conductive fiber structure 111 may be manufac-
tured by using the dispersion.

As is further described above, when the conductive car-
bon layer 120 is disposed to surround the surface of the
non-conductive fiber structure 111, a thickness of the con-
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ductive carbon layer 120 may be equal or greater than about
1% and less than or equal to about 10%, or about 1.5% to
about 8%, or about 2% to about 7% of a total thickness of
the non-conductive fiber structure 111. For example, when a
cross-section of the non-conductive fiber structure 111 is
oval, a diameter of the cross-section may be in a range from
about 7 um to about 10 um. For example, when a diameter
T1 of the cross-section of the non-conductive fiber structure
111 is about 10 um, a thickness T2 of the conductive carbon
layer 120 may be in a range from about 100 nm to about 1
pm.

In addition, according to an embodiment, a thickness of
the gas diffusion layer 100 may be less than about 50 um, for
example, from about 10 pm to about 50 pm, and a weight per
unit area of the gas diffusion layer 100 may be less than or
equal to about 2 mg/cm?, for example, from about 0.1
mg/cm?® to about 1.5 mg/cm® Also, porosity of the gas
diffusion layer 100 may be equal to or greater than about 70
vol % or about 80 vol %, and electrical conductivity of the
gas diffusion layer 100 may be equal to or greater than 200
S/m.

Moreover, as is further described above, the gas diffusion
layer 100 according to an embodiment may include the
porous layer 110 functioning as a support and having a
porous structure formed by a combination of the non-
conductive fiber structure 111, and accordingly, the metal-air
battery 1 may have reduced weight and improved mechani-
cal strength. Also, the gas diffusion layer 100 according to
an embodiment may include the conductive carbon layer
120 having suitable electrical conductivity and disposed on
the surface of the non-conductive fiber structure 111
included in the porous layer 110. Therefore, conditions
regarding high specific capacity of positive-electrode and
excellent electrical conductivity may be satisfied.

Also, as illustrated in FIGS. 2D and 2E, a metal layer 140
according to an embodiment may be disposed along a
surface of the conductive carbon layer 120. For example, a
metallic material included in the metal layer 140 may be
included in the conductive carbon layer 120 and may
improve the electrical conductivity of the gas diffusion layer
100. For example, the metal layer 140 may include Au, Pt,
Ag, Ni, Al, Fe, Ti, Cu, or a combination thereof.

In addition, as illustrated in FIGS. 2F and 2G, a conduc-
tive polymer layer 150 according to an embodiment may be
disposed along the surface of the conductive carbon layer
120. For example, a conductive polymer material included
in the conductive polymer layer 150 may be included in the
conductive carbon layer 120 and may improve the electrical
conductivity of the gas diffusion layer 100. Also, the con-
ductive polymer layer 150 may be relatively lighter than the
metal layer 140 and thus may reduce the weight of the gas
diffusion layer 100. For example, the conductive polymer
layer 150 may include polypyrrole (PPy), polythiophene
(PT), polyaniline (PAN), or a combination thereof.

FIGS. 3A and 3B are diagrams for explaining a method of
manufacturing the gas diffusion layer by using a layer-by-
layer method, according to an embodiment.

Referring to FIG. 3A, an adhesive layer 130 may be on the
surface of the non-conductive fiber structure 111 within a
container C1. For example, an adhesive solution C2 pre-
pared by dissolving an adhesive in a solution may be within
the container C1, and the adhesive layer 130 may be
attached to the surface of the non-conductive fiber structure
111 by adding the non-conductive fiber structure 111 to the
adhesive solution C2. For example, the adhesive may be
PVA, poly(vinylpyrrolidone) (PVP), polyaniline (PANI),
poly(diallyldimethylammonium chloride (PDDA), poly(eth-
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ylene oxide) (PEO), poly(ethylene imine) (PEI), poly(al-
lylamine hydrochloride) (PAH), poly(acrylic acid),

sulfonated tetrafluoroethylene based fluoropolymer-copoly-
mer such as tetrafluoroethylene-perfluoro-3,6-dioxa-4-
methyl-7-octenesulfonic acid copolymer (Nafion®), or a
combination thereof. For example, when the non-conductive
fiber structure 111 is added to the adhesive solution C2 in
which PVA dissolves, the adhesive layer 130 may be formed
on the surface of the non-conductive fiber structure 111
through a noncovalent bond between the non-conductive
fiber structure 111 and PVA that is an adhesive.

Referring to FIG. 3B, within a container C3, the conduc-
tive carbon layer 120 may be disposed on a surface of the
adhesive layer 130 that is attached to the surface of the
non-conductive fiber structure 111. For example, a dispers-
ing solution C4 may be prepared by dispersing a carbon
material in a solution within the container C3. For example,
the dispersing solution C4, which is prepared by dispersing
the carbon material in the solution, may be prepared by
using the above-described dispersant or performing the
sonication process. For example, when PSS is used as a
dispersant, the conductive carbon layer 120 may be attached
to the surface of the adhesive layer 130 due to a hydrogen
bond between a sulfonic group (—SO;H) of PSS and a
hydroxyl group (—OH) of PVA.

Referring to FIGS. 3A and 3B, in order to sequentially
combine two ultra-thin films on the surface of the non-
conductive fiber structure 111, that is, the adhesive layer 130
and the conductive carbon layer 120, with each other, a
bonding method such as a noncovalent bond or a hydrogen
bond between the adhesive layer 130 and the non-conduc-
tive fiber structure 111 and between the adhesive layer 130
and the conductive carbon layer 120 is used, and the bonding
method may be referred to as a layer-by-layer method. Since
the bonds between the adhesive layer 130 and the non-
conductive fiber structure 111 and between the adhesive
layer 130 and the conductive carbon layer 120 are structur-
ally stable due to the layer-by-layer method, the gas diffu-
sion layer 100 may be provided as a stable multilayered ultra
thin film, regardless of a surface area of where the adhesive
layer 130 is attached to the surface of the non-conductive
fiber structure 111 and a surface area of where the conduc-
tive carbon layer 120 is attached to the surface of the
adhesive layer 130. Therefore, when the layer-by-layer
method is used, the gas diffusion layer 100, in which the
surface of the non-conductive fiber structure 111 is coated
with the conductive carbon layer 120, may be more easily
manufactured. However, the present disclosure is not limited
to the above manufacturing method. The gas diffusion layer
100, in which the surface of the non-conductive fiber struc-
ture 111 is coated with the conductive carbon layer 120, may
be manufactured by using another suitable manufacturing
method.

FIG. 4A is a schematic perspective view of a gas diffusion
layer manufactured by using a layer-by-layer method. FIG.
4B shows a schematic enlarged view of the gas diffusion
layer of FIG. 4A. FIG. 5A is a SEM image showing a fine
structure of the gas diffusion layer manufactured by using
the layer-by-layer method. FIG. 5B is an enlarged image of
the gas diffusion layer of FIG. 5A. FIG. 6 is a graph of a
number of times that the layer-by-layer method is repeated
versus surface resistance (ohms per square) illustrating a
relationship between the number of repetitions and surface
resistance of a gas diffusion layer that is manufactured by
repeatedly performing a layer-by-layer method. FIG. 7 is a
graph of energy density (Watt hours per kilogram, Wh/kg)
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versus cell voltage (Volts) illustrating a result of measuring
an energy density and a cell voltage that are obtained during
a discharge process.

Referring to FIGS. 4A, 4B, 5A, and 5B, the gas diffusion
layer 100 manufactured by performing the layer-by-layer
method may include: the porous layer 110 including pores
through which air may diffuse; the conductive carbon layer
120 including a carbon material, e.g., a CNT, which is
attached to the surface of the non-conductive fiber structure
111 included in the porous layer 110; and the adhesive layer
130 that is disposed between non-conductive fiber structure
111 and the conductive carbon layer 120 and attaches the
conductive carbon layer 120 to the surface of the non-
conductive fiber structure 111. The structures of the porous
layer 110, the conductive carbon layer 120, and the adhesive
layer 130, the bond between the non-conductive fiber struc-
ture 111 and the adhesive layer 130, and the bond between
the adhesive layer 130 and the conductive carbon layer 120
have been already described above, and thus the descriptions
thereof will not be repeated for clarity of explanation.

According to an embodiment, a process of forming the
adhesive layer 130 and the conductive carbon layer 120 may
be repeatedly performed by using the layer-by-layer method.
Accordingly, multiple adhesive layers 130 and multiple
conductive carbon layers 120 may be alternately arranged.
Referring to FIG. 6, a graphene nano plate (GNP) and CNTs
are used as a carbon material included in the conductive
carbon layer 120, wherein the amount of the GNP is 1
milligram per milliliter (mg/ml.) and the amounts the CNT
are 1 mg/mL and 3 mg/mL, respectively. When the layer-
by-layer method is repeated 5 to 20 times, measured surface
resistance of the gas diffusion layer 100 may change. When
the conductive carbon layer 120 is formed by repeatedly
performing the layer-by-layer method regardless of types
and contents of the carbon materials, it is found that an
electrical characteristic, e.g., the surface resistance, is
reduced. Therefore, the number of times that the layer-by-
layer method is repeated to form the conductive carbon layer
120 may be determined according to mechanical and elec-
trical characteristics of the gas diffusion layer 100.

Hereinafter, the present disclosure will be further
described by explaining the following examples, but is not
limited thereto.

EXAMPLES
(Manufacture of a Gas Diffusion Layer)

Example and Comparative Example: Manufacture
of a Lithium Air Battery

Example 1

For carbon coating, an aqueous dispersion of a CNT of 3
mg/mlL (CM-250, Hanwha Chemical) was prepared. For
effective dispersion, poly(4-styrenesulfonic acid) (Aldrich,
Mw=75,000 Daltons, Da) was added as a dispersant to the
aqueous dispersion such that a weight ratio of carbon to the
dispersant was 1:5. A 0.25 weight percent (wt %) PVA
(Mw=89,000 Da) solution was used as a polymer in an
adhesive layer.

A gas diffusion layer coated with carbon was manufac-
tured by using a layer-by-layer method. A PET non-woven
fabric (05TH-08, HIROSE) was immersed in the PVA
solution and then cleansed with distilled water and dried.
Then, the PET non-woven fabric was immersed in a carbon
dispersion and cleansed with distilled water and dried to
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thereby manufacture one carbon coating layer. The above-
described processes were repeatedly performed several
times to manufacture a gas diffusion layer having a suitable
electrical conductivity.

Comparative Example

Industrial carbon paper (Sigracet 25BA, SGL Group) was
used as a gas diffusion layer.
(Manufacture of Positive Electrode)

A CNT (NC2100, Nanocyl) as a positive catalyst, 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(Aldrich), to which 0.5 M of lithium bis(triffuoromethylsul-
phonyl)imide is added, as a positive electrode electrolyte,
and polytetrafluoroethylene (PTFE, DAIKIN) as a binder
were mixed with each other at a weight ratio of 1:2:0.2 in
order to manufacture a positive electrode.

(Manufacture of Electrolyte Membrane)

N-butyl-N-methylpyrrolidinium  bis(trifluoromethane-
sulfonyl)imide (KANTO), poly(diallyldimethylammonium
bis(trifluoromethanesulfonyl)imide), and lithium bis(trifluo-
romethylsulphonyl)imide were mixed at a weight ratio of
75:17.6:7.4 and diluted with acetonitrile to obtain a solution.
A polyethylene (PE) separator (Entek EPX) was impreg-
nated with the solution, and then is dried, thereby manufac-
turing the electrolyte membrane.

(Manufacture of a Lithium-Air Battery)

The electrolyte membrane, the positive electrode, and the
gas diffusion layer were sequentially stacked on a Li foil
negative electrode so as to manufacture the lithium-air
battery.

Evaluation Example: Evaluation on Discharge Characteris-
tics and Energy Density

At a temperature of 80° C., under oxygen atmosphere, the
lithium-air battery was fully discharged and then was
charged to a current density of about 0.24 milliamperes per
square centimeter (mA/cm?). A discharge capacity (mAh)
and cell voltage (V) obtained during the above process were
measured, and results thereof are shown in FIG. 7. Based on
evaluation results of the discharge characteristics, energy
densities in the Example and Comparative Example may be
evaluated.

TABLE 1
Comparative
Example Example
(SGL-GDL) (LBL-GDL)
Negative electrode 1.78 2.05
(mg/cm?, under the
assumption that it is
3 times higher than
discharge capacity)
Electrolyte membrane 3.6 3.6
(mg/cm?)
Positive electrode 2.5 2.5
(mg/cm?)
Gas diffusion layer 3.7 1.0
(mg/cm?)
Cell capacity (mAh/cm?) 2.29 2.64
Average discharge 2.64 2.63
voltage (V)
Cell energy density 522 757
(Whvkg)

Referring to Table 1, it is found that the lithium air battery
manufactured in the Example 1 had an improved energy
density compared to the lithium air battery manufactured in
the Comparative Example.
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Example 2

The carbon coating layer manufactured by using the
layer-by-layer method in the Example 1 was additionally
coated with PPy to manufacture a gas diffusion layer. A
non-woven fabric coated with the conductive carbon layer,
which was manufactured by the layer-by-layer method, was
immersed in a 5 wt % PPy solution (Aldrich, 482552) and
then dipped after 10 minutes and dried to thereby manufac-
ture a gas diffusion layer including a conductive polymer
layer.

Example 3

The carbon coating layer manufactured by using the
layer-by-layer method in the Example 1 was additionally
coated with Au to manufacture a gas diffusion layer. A
non-woven fabric coated with the conductive carbon layer,
which was manufactured by using the layer-by-layer
method, was coated with Au by using a sputtering method to
thereby manufacture a gas diffusion layer including a metal
layer.

TABLE 2
Example 1 Example 2 Example 3
Weight (mg/cm?) 1 1 1.3
Surface resistance 270 190 170
(ohnv/sq)

Referring to Table 2, it is found that the lithium air
batteries manufactured in the Example 2 and Example 3 had
lower surface resistance than the lithium air battery manu-
factured in Example 1.

According to an embodiment of the present disclosure, a
metal-air battery having a high capacity and a high energy
density may be provided. A metal-air battery having a
composite laminate structure, e.g., a 3D folding cell, may be
provided. A metal-air battery capable of maintaining elec-
trical conductivity and porosity and achieving mechanical
strength and a light weight may be provided.

It should be understood that embodiments described
herein should be considered in a descriptive sense only and
not for purposes of limitation. Descriptions of features,
aspects, or advantages within each embodiment should be
considered as available for other similar features, aspects, or
advantages in other embodiments.

While one or more embodiments have been described
with reference to the figures, it will be understood by those
of ordinary skill in the art that various changes in form and
details may be made therein without departing from the
spirit and scope as defined by the following claims.

What is claimed is:
1. A gas diffusion layer for a metal-air battery, the gas
diffusion layer comprising:
a porous layer comprising
a plurality of non-conductive fiber structures; and
a plurality of adhesive layers and a plurality of con-
ductive carbon layers, wherein each of the plurality
of adhesive layers and each of the plurality of
conductive carbon layers is disposed on a surface of
each non-conductive fiber structure of the plurality
of non-conductive fiber structures,
wherein each conductive carbon layer of the plurality of
conductive carbon layers comprises a carbon material,
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wherein an adhesive layer of the plurality of adhesive
layers is disposed on the surface of each non-conduc-
tive fiber structure and a conductive carbon layer of the
plurality of conductive carbon layers is disposed
directly on a surface of the adhesive layer, and

wherein the adhesive layer bonds the conductive carbon
layer to the surface of each non-conductive fiber struc-
ture,

wherein a thickness of the conductive carbon layer is

equal to or greater than about 1% and less than or equal
to about 10% of an average thickness of the non-
conductive fiber structure and

wherein the plurality of adhesive layers and the plurality

of conductive carbon layers are alternately disposed 5
to 20 times on the surface of each non-conductive fiber
structure, and the gas diffusion layer has a resistivity of
less than 6,000 ohms per square.

2. The gas diffusion layer of claim 1, wherein a non-
conductive fiber structure of the plurality of non-conductive
fiber structures has a shape comprising a curvilinear shape,
a rectilinear shape, or a combination thereof, and

wherein an air gap is defined by the shape of the plurality

of non-conductive fiber structures.

3. The gas diffusion layer of claim 1, wherein a non-
conductive fiber structure of the plurality of non-conductive
fiber structures comprises a polymer fiber, cellulose, a glass
fiber, or a combination thereof.

4. The gas diffusion layer of claim 1, wherein the porous
layer is in a form of a woven fabric, a non-woven fabric, a
mesh, or a combination thereof comprising the plurality of
non-conductive fiber structures.

5. The gas diffusion layer of claim 1, wherein the carbon
material comprises a carbon fiber, a carbon nanotube, a
carbon-polymer complex, or graphene nano plate (GNP).

6. The gas diffusion layer of claim 1, wherein the carbon
material comprised in the conductive carbon layer is uni-
formly disposed along a surface of a non-conductive fiber
structure of the plurality of non-conductive fiber structures.

7. The gas diffusion layer of claim 6, wherein the con-
ductive carbon layer further comprises a dispersant config-
ured to disperse the carbon material.

8. The gas diffusion layer of claim 7, wherein the disper-
sant comprises polystyrene sulfonate, poly(4-styrenesulfo-
nic acid), polyvinyl pyrrolidone, polyethylene glycol oleyl
ether, polyoxyethylene stearyl ether, polyoxyethylene non-
ylphenyl ether, poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol), poly(propylene gly-
col)-block-poly(ethylene glycol)-block-poly(propylene gly-
col), polyethylene-block-poly(ethylene glycol), polyoxyeth-
ylene isooctylcyclohexyl ether, octylphenol ethoxylate,
cetylpyridinium chloride, cetyltrimethylammonium bro-
mide, cetyltrimethylammonium chloride, or a combination
thereof.

9. The gas diffusion layer of claim 1, further comprising
a metal layer disposed along a surface of the conductive
carbon layer.

10. The gas diffusion layer of claim 1, further comprising
a conductive polymer layer disposed along a surface of the
conductive carbon layer.

11. The gas diffusion layer of claim 1, wherein the
adhesive layer comprises polyvinyl alcohol, polyvinylpyr-
rolidone, polyaniline, poly(diallyldimethylammonium chlo-
ride), poly(ethylene oxide), poly(ethylene imine), poly(al-
lylamine hydrochloride), poly(acrylic acid),
tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-
sulfonic acid copolymer, or a combination thereof.

10

15

20

25

30

35

40

45

50

55

60

65

16

12. The gas diffusion layer of claim 5, wherein the carbon
material comprises a carbon nanotube or a graphene nano
plate.
13. A method of manufacturing the gas diffusion layer for
a metal-air battery of claim 1, the method comprising:
disposing an adhesive layer on the surface of each non-
conductive fiber structure of the plurality of non-
conductive fiber structures; and
contacting the adhesive layer with the carbon material to
form the conductive carbon layer comprising the car-
bon material on the surface of each non-conductive
fiber structure to manufacture the gas diffusion layer.
14. The method of claim 13, further comprising combin-
ing the carbon material, a dispersant, and a solvent to
uniformly disperse the carbon material.
15. The method of claim 13, wherein the adhesive layer
comprises polyvinyl alcohol, poly(vinylpyrrolidone), polya-
niline, poly(diallyldimethylammonium chloride), poly(eth-
ylene oxide), poly(ethylene imine), poly(allylamine hydro-
chloride), poly(acrylic acid), tetrafluoroethylene-perfluoro-
3,6-dioxa-4-methyl-7-octenesulfonic acid copolymer, or a
combination thereof.
16. The method of claim 14, wherein the dispersant
comprises polystyrene sulfonate, poly(4-styrenesulfonic
acid), polyvinylpyrrolidone, polyethylene glycol oleyl ether,
polyoxyethylene stearyl ether, polyoxyethylene nonylphenyl
ether, poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), poly
(propylene glycol)-block-poly(ethylene glycol)-block-poly
(propylene  glycol),  polyethylene-block-poly(ethylene
glycol), polyoxyethylene isooctylcyclohexyl —ether,
octylphenol ethoxylate, cetylpyridinium chloride, cetyltrim-
ethylammonium bromide, cetyltrimethylammonium chlo-
ride, or a combination thereof.
17. The method of claim 13, wherein the disposing of the
adhesive layer and the contacting of adhesive layer with the
carbon material are repeatedly performed to provide plural-
ity of adhesive layers and a plurality of conductive carbon
layers that are alternately arranged.
18. A metal-air battery comprising:
a negative electrode comprising a metal;
a positive electrode comprising a positive electrode layer
comprising a catalyst and a gas diffusion layer for the
metal-air battery; and
an electrolyte between the negative electrode and the
positive electrode,
wherein the gas diffusion layer comprises:
a porous layer comprising
a plurality of non-conductive fiber structures; and
a plurality of adhesive layers a plurality of conductive
carbon layers, wherein each of the plurality of adhe-
sive layers and each of the plurality of conductive
carbon layers is disposed directly on a surface of
each non-conductive fiber structure of the plurality
of non-conductive fiber structures; and

a plurality of conductive carbon layers,

wherein each of the plurality of conductive carbon
layers comprises a carbon material, and

wherein an adhesive layer of the plurality of adhesive
layers is disposed on the surface of each non-conduc-
tive fiber structure and a conductive carbon layer of the
plurality of conductive carbon layers is disposed on the
adhesive layer,

wherein the adhesive layer bonds the conductive carbon
layer to the surface of each non-conductive fiber struc-
ture,
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wherein a thickness of the conductive carbon layer is
equal to or greater than about 1% and less than or equal
to about 10% of an average thickness of the non-
conductive fiber structure and
wherein the plurality of adhesive layers and the plu-
rality of conductive carbon layers are alternately
disposed 5 to 20 times on the surface of each
non-conductive fiber structure, and the gas diffusion
layer has a resistivity of less than 6,000 ohms per
square.

19. The metal-air battery of claim 18, wherein porosity of
the gas diffusion layer is equal to or greater than about 70 vol
%.

20. The metal-air battery of claim 18, wherein a weight
per unit area of the gas diffusion layer is less than or equal
to about 2 mg/cm?.

21. The metal-air battery of claim 18, wherein electrical
conductivity of the gas diffusion layer is equal to or greater
than about 200 S/m.

22. The metal-air battery of claim 18, wherein the con-
ductive carbon layer comprises a conformal layer along a
contour of the non-conductive fiber structure.

#* #* #* #* #*
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